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Abstract 22 

Interaction between adult stem cells and their progeny is critical for tissue homeostasis and 23 

regeneration. In multiple organs, mesenchymal stem cells (MSCs) give rise to transit amplifying 24 

cells (TACs), which then differentiate into different cell types. However, whether and how MSCs 25 

interact with TACs remains unknown. Using the adult mouse incisor as a model, we present in 26 

vivo evidence that TACs and MSCs have distinct genetic programs and engage in reciprocal 27 

signaling cross-talk to maintain tissue homeostasis. Specifically, an IGF-WNT signaling cascade 28 

is involved in the feedforward from MSCs to TACs. TACs are regulated by tissue-autonomous 29 

canonical WNT signaling and can feedback to MSCs and regulate MSC maintenance via 30 

Wnt5a/Ror2-mediated non-canonical WNT signaling. Collectively, these findings highlight the 31 

importance of coordinated bi-directional signaling interaction between MSCs and TACs in 32 

instructing mesenchymal tissue homeostasis, and the mechanisms identified here have important 33 

implications for MSC-TAC interaction in other organs.  34 
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Introduction 35 

The regulation of tissue homeostasis is a fundamental function of adult stem cells. Once stem cells 36 

leave their niche, they commit to a more restricted lineage and/or differentiate into specific cell 37 

types. In many tissues and organs, during this process stem cells give rise to transit amplifying 38 

cells (TACs), an undifferentiated progenitor population1,2,3. TACs function as transient but 39 

indispensable integrators of stem cell niche components4,5,6. Several independent studies have 40 

revealed that stem cells actively interact with their progeny during tissue homeostasis and 41 

regeneration7,8,9. For example, regulatory feedback from TACs may instruct stem cells to replenish 42 

downstream lineages and serve to coordinate stem cell self-renewal during tissue homeostasis and 43 

regeneration of adult ectodermal organs8. Another study reported that, in the airway epithelium, 44 

the parent epithelial stem cells relay Notch signaling to regulate differentiation in their daughter 45 

secretory progenitor cells9. To date, however, these pioneering studies have exclusively focused 46 

on ectodermal organs, and it remains unknown how mesenchymal stem cells (MSCs) interact with 47 

TACs to maintain tissue homeostasis.   48 

The mouse incisor provides an ideal model for studying the interaction of MSCs and TACs because 49 

the stem cells and their niche are retained throughout the mouse’s life to support continuous incisor 50 

growth, and the anatomical locations of the dental pulp stem cells and TAC populations have 51 

recently been clearly defined10,11,12,13. The mouse incisor is comprised of an outer layer of enamel 52 

with dentin underneath, and an inner chamber of dental pulp that contains vasculature and nervous 53 

tissue. The epithelial and mesenchymal compartments of the incisor both replenish all of their cells 54 

within the course of a month12. The continuous turnover of mesenchymal tissue is supported by 55 

MSCs in the proximal region of the mouse incisor. Our previous study demonstrated that quiescent 56 

Gli1+ dental pulp cells are typical MSCs in the mouse incisor and they generate TACs that can be 57 
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found in the immediately adjacent region12. Gli1+ MSCs can continuously populate the incisor 58 

mesenchyme throughout the animal’s lifetime12. TACs actively proliferate, giving rise to 59 

committed preodontoblasts, terminally differentiated odontoblasts, and dental pulp cells. Recent 60 

studies have also identified that polycomb repressive complex 1 (PRC1) regulates the TACs via 61 

WNT/β-catenin signaling, and that Axin2 expression identifies the TAC population, which is 62 

unable to maintain itself through self-renewal10.  63 

In this study, we took advantage of specific molecular markers that allowed us to identify and 64 

target either MSCs or TACs in the adult mouse incisor in vivo and we found that MSCs and TACs 65 

have distinct genetic programs that may help them define their in vivo identities and interact with 66 

each other. We learned that MSCs feedforward to TACs through an IGF-WNT signaling cascade 67 

and the control of TAC fate depends on tissue-autonomous canonical WNT signaling. In parallel, 68 

TACs produce Wnt5a, which provides feedback to MSCs via Ror2-mediated non-canonical WNT 69 

signaling. Our study provides in vivo evidence of the reciprocal interaction between MSCs and 70 

TACs in mesenchymal tissue homeostasis and highlights the molecular regulatory mechanism that 71 

governs this interaction. The mechanisms identified in this study could potentially apply to other 72 

organs, such as long bone, where MSC and TAC interaction is not well understood but may also 73 

be crucial for maintaining tissue homeostasis and regeneration.   74 
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Results 75 

Anatomical and molecular identities of MSCs and TACs in the mouse incisor  76 

In order to study the interaction between MSCs and TACs, we first confirmed their in vivo 77 

locations using recently published markers.  In addition to Axin2, TACs are also identifiable by 78 

their active proliferation status12, consistent with our findings that Axin2+ and Ki67+ populations 79 

both reside in the TAC region (Figures 1A and 1B). Therefore, we used both Axin2 and Ki67 as 80 

TAC markers. Gli1 is a known dental MSC marker in the adult mouse incisor12. Our data clearly 81 

indicate that Gli1+ MSCs and TACs are mutually exclusive cell populations in adult incisors 82 

(Figures 1C and 1D), consistent with our previous findings12. This allowed us to use Gli1-CreERT2 83 

and Axin2-CreERT2 to target MSCs and TACs in the mouse incisor, respectively. The close 84 

proximity between the MSCs and TACs in the mouse incisor suggests a physical environment 85 

conducive of cell-cell interaction between these two populations (Figure 1E).  86 

IGF ligand and binding proteins are highly enriched in MSCs  87 

Identifying genetic signatures of MSCs and TACs is critical to understanding the genetic programs 88 

involved in establishing and maintaining their identities as well as uncovering how these two 89 

populations interact. To identify genetic profiles of MSCs and TACs, we used laser capture 90 

microdissection to collect the MSC region from Gli1-CreERT2;Rosa26<fs-tdTomato> mice and the 91 

TAC region from Axin2-CreERT2;Rosa26<fs-tdTomato> mice shortly after labelling, followed by 92 

unbiased RNA sequencing analysis of these samples. We found that specific signaling pathways 93 

were preferentially enriched in either TACs or MSCs based on Ingenuity Pathway Analysis (IPA, 94 

QIAGEN). We first analyzed the signaling enriched in TACs. As expected for Axin2+ TACs, 95 

WNT/β-catenin signaling was one of the top enriched pathways. Cell cycle regulation signaling 96 
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was also highly active, consistent with the high proliferative activity of TACs. Moreover, mTOR 97 

and EIF2 signaling, which are both important for cell proliferation, were also enriched in TACs 98 

(Figure 2A). We focused on IGF signaling based on previous reports that it plays a role in stem 99 

cell homeostasis14,15. We investigated the ligands and receptors of IGF signaling that were found 100 

among the significantly differentially expressed genes between incisor MSCs and TACs identified 101 

by RNA sequencing. Although IGF signaling was highly active in TACs, we found that IGF 102 

signaling molecules including IGF binding protein (Igfbp3) and the IGF ligand, insulin-like growth 103 

factor 2 (Igf2), were all highly enriched in MSCs (Figure 2B). RNAscope in situ hybridization 104 

confirmed that Igfbp3 was highly expressed in MSCs outside of the TAC region and dental follicle 105 

in vivo (Figure 2C-2D), and Igf2 also appeared to be highly expressed in a similar pattern (Figures 106 

2E-2F). Interestingly, consistent with the pathway analysis (Figure 2A), expression of Igf1r, an 107 

IGF receptor, was detectable in the mouse incisor mesenchyme overlapping the TAC region 108 

(Figures 2G-2H), indicating that MSC- and dental follicle-derived IGF signals may affect TAC 109 

fate through the IGF signaling pathway.  110 

Inactivation of IGF signaling leads to diminished TACs and compromised WNT signaling in 111 

the incisor mesenchyme 112 

In order to investigate the potential role of IGF signaling in MSC-TAC interaction, we generated 113 

Axin2-CreERT2;Igf1rfl/fl mice, in which Igf1r could be deleted in Axin2+ TACs via tamoxifen 114 

induction. We found that the number of TACs in the mesenchyme was diminished three weeks 115 

after induction (Figures 3C-3E), indicating that IGF signaling is critical for TAC proliferation. In 116 

addition, the dentin became thicker in Axin2-CreERT2;Igf1rfl/fl mice (Figure 3A-3B), indicating 117 

premature differentiation of TACs, suggesting that IGF signaling pathway may regulate TAC fate 118 

through balancing proliferation and differentiation. We found that the number of TACs in the 119 
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incisor epithelium of Axin2-CreERT2;Igf1rfl/fl mice was also reduced three weeks after induction 120 

(Figure 3C-3D), suggesting epithelial-mesenchymal interaction occurred at this stage. Because 121 

Axin2-CreERT2 is highly active in the TAC region of the incisor mesenchyme but not the 122 

epithelium, we hypothesized that the effect from the mesenchyme is primary. In order to test 123 

whether loss of Igf1r in Axin2+ TACs in the incisor mesenchyme was indeed the primary cause 124 

of the TAC loss, we analyzed the change of TACs in Axin2-CreERT2;Igf1rfl/fl incisors at an earlier 125 

time point and found that the number of TACs in the mesenchyme was already reduced whereas 126 

differentiation (indicated by Dspp, which is a marker for odontoblasts) was enhanced one week 127 

after induction (Figure 3-figure supplement 1). However, the number and differentiation status of 128 

TACs in the incisor epithelium (indicated by Amelx, which is a marker for ameloblasts) remained 129 

unchanged in Axin2-CreERT2;Igf1rfl/fl mice at this time point (Figure 3-figure supplement 1), 130 

suggesting that epithelial-mesenchymal interaction occurs later and the effect from the incisor 131 

mesenchyme is primary. Moreover, we found that Axin2 expression was reduced in TACs, 132 

suggesting that canonical WNT signaling is likely to be downstream of IGF signaling in the 133 

regulation of TACs (Figures 3F and 3G). Consistent with reduced Axin2 expression, we found that 134 

other WNT downstream genes such as c-Myc and active β-catenin were also downregulated 135 

(Figure 3-figure supplement 2). Therefore, we concluded that MSCs and the dental follicle secrete 136 

Igf2 ligand to regulate TACs through an IGF-WNT signaling cascade (Figure 3H). We found that 137 

the phenotype in Axin2-CreERT2;Igf1rfl/fl incisors persisted five months after induction, suggesting 138 

disturbed tissue homeostasis of the incisor at later stages (Figure 3-figure supplement 3). 139 

WNT signaling molecules are enriched in TACs but not MSCs 140 

Previous studies have shown that WNT signaling is important for TAC regulation10. Due to the 141 

close anatomical proximity of MSCs and TACs, we further analyzed whether WNT ligands are 142 
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secreted by MSCs in a paracrine manner or by TACs in an autocrine manner. Surprisingly, TACs, 143 

not MSCs, seem to be the main source of both canonical and non-canonical WNT ligands (Wnt10a 144 

and Wnt5a, respectively) (Figure 4A). Wnt10a was detectable in the TAC region in the 145 

mesenchyme, although it was also expressed in odontoblasts and the epithelium (Figures 4B and 146 

4C). Wnt5a was also highly expressed in TACs as well as in odontoblasts and in the dental 147 

mesenchyme, but excluded from the MSC region in the incisor (Figures 4D and 4E). To test 148 

whether any other WNT ligands were expressed in MSCs or TACs, we assessed the expression 149 

patterns of the 17 other WNT ligands. None were enriched in either MSCs or TACs: some were 150 

only expressed in the epithelium but not in the mesenchyme, such as Wnt3a and Wnt4, whereas 151 

others were undetectable in both the epithelium and the mesenchyme (Figure 4-figure supplement 152 

1). This result suggests that both canonical and non-canonical WNTs in the incisor mesenchyme 153 

are mainly TAC-derived. To search for the cells that are responsive to the WNTs, we analyzed 154 

enriched pathways in both TACs and MSCs. Interestingly, canonical WNT/β-catenin signaling 155 

was enriched in TACs (Figure 2A) whereas non-canonical NFAT signaling was enriched in MSCs 156 

(Figure 4F).  157 

Loss of WNT signaling in odontoblasts has no effect on MSCs or TACs 158 

To test whether WNT signaling in odontoblasts has an effect on MSCs or TACs, we generated 159 

Dmp1-Cre;Wlsfl/fl;Gli1-LacZ mice in which odontoblasts are unable to secrete the WNT ligand. 160 

We found that there was no significant difference between Gli1-LacZ and Dmp1-Cre;Wlsfl/fl;Gli1-161 

LacZ mice in the number of TACs and MSCs, suggesting that loss of WNT signaling in 162 

odontoblasts has no effect on MSCs or TACs (Figure 4-figure supplement 2). 163 

Axin2+ TACs are regulated via tissue-autonomous canonical WNT signaling  164 
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In order to investigate the effect of the WNT ligand in Axin2+ TACs, we generated Axin2-165 

CreERT2;Wlsfl/fl;Gli1-LacZ mice, in which Axin2+ cells are not able to secrete the WNT ligand. 166 

We confirmed that Wls was expressed in the TAC region of control mice, whereas it was 167 

undetectable in the TAC region of Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice (Figure 4-figure 168 

supplement 3A-3B). Interestingly, we found that the Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mouse 169 

incisors were significantly shorter one month after tamoxifen induction (Figure 4-figure 170 

supplement 3C-3D), suggesting that loss of Wls affected their tissue turnover and homeostasis. 171 

More importantly, loss of Wls in Axin2+ cells resulted in a loss of TACs, as assessed by Ki67 172 

staining (Figure 4-figure supplement 3E-3F). In order to confirm that TACs were indeed 173 

diminished, we also examined the expression of Fgf10, which is secreted by TACs in the 174 

mesenchyme16,17, and found that Fgf10 was greatly reduced in Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ 175 

mice (Figure 4-figure supplement 3G-3H). In addition, in Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice, 176 

there was a reduction of Gli1+ MSCs (Figure 4-figure supplement 3I-3L), indicating that TAC-177 

derived WNT signaling may play a role in MSC maintenance. Therefore, TACs may secrete WNTs 178 

to regulate the fates of TACs and MSCs. 179 

Axin2 is a readout of canonical WNT signaling. Consistent with the expression of Axin2 in TACs, 180 

we found that Lrp5, a canonical WNT receptor, was highly expressed in TACs (Figure 4-figure 181 

supplement 4A-4B), whereas Fzd2, Fzd4 and Fzd6 were almost undetectable in the incisor 182 

mesenchyme (Figure 4-figure supplement 4C-4H). These data suggest that Axin2+ TACs are 183 

regulated via tissue-autonomous canonical WNT signaling.  184 

TACs feedback to MSCs via Wnt5a/Ror2-mediated non-canonical WNT signaling  185 
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Because Gli1+ MSCs were reduced in Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice in which Axin2+ 186 

TACs are unable to secrete WNT ligands, we hypothesized that TAC-derived WNTs can act on 187 

MSCs via a paracrine mechanism. Interestingly, delayed molar development has been observed in 188 

Wnt5a-/- mutant mice, consistent with the notion that Wnt5a-mediated non-canonical WNT 189 

signaling plays a role during tooth development18, indicating that Wnt5a may play an important 190 

role in feedback from TACs to MSCs in the maintenance of incisor tissue homeostasis. To test our 191 

hypotheses, we generated Axin2-CreERT2;Wnt5afl/fl;Gli1-LacZ mice. We first examined the 192 

efficiency of Wnt5a deletion in Axin2-CreERT2;Wnt5afl/fl incisors and confirmed that Wnt5a was 193 

efficiently deleted in the TAC region of the mutant incisors three days after tamoxifen induction 194 

(Figure 5-figure supplement 1). We found that TACs were not affected in Axin2-195 

CreERT2;Wnt5afl/fl;Gli1-LacZ mice three weeks after tamoxifen induction (Figures 5A-5C) but by 196 

that time the number of Gli1+ MSCs was already reduced in these Wnt5a mutants (Figures 5D-197 

5H), suggesting that Wnt5a acts as a paracrine WNT ligand to regulate the maintenance of Gli1+ 198 

MSCs. We also used label retaining cells (LRCs), which serve as a hallmark of stem cells, to 199 

confirm the decrease of MSCs in the incisor of Wnt5a mutant mice. We found that loss of Wnt5a 200 

resulted in diminished LRCs in the MSC region in Axin2-CreERT2;Wnt5afl/fl mice (Figure 5-figure 201 

supplement 2). Thicker dentin and diminished TACs were observed in Axin2-202 

CreERT2;Wnt5afl/fl;Gli1-LacZ mice at  later stages (Figure 5-figure supplement 3), indicating 203 

disturbed homeostasis of the incisor after the disruption of TACs feedback to MSCs. To investigate 204 

the signaling mechanism of TAC feedback to MSCs, we examined the expression of Ror2, which 205 

serves as a key receptor for Wnt5a. We found that Ror2 was highly expressed in the MSC region 206 

of the incisor mesenchyme (Figures 6A), consistent with regulation of Gli1+ MSCs by Wnt5a-207 

mediated non-canonical WNT signaling feedback through Ror2. In order to investigate the 208 
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function of Ror2-mediated non-canonical WNT signaling in the feedback from TACs to MSCs, 209 

we generated Gli1-CreERT2;Ror2fl/fl;Gli1-LacZ mice, in which Ror2 was successfully deleted in 210 

the Gli1+ cells (Figure 6B). Three weeks after tamoxifen induction, Gli1+ MSCs were reduced in 211 

the incisor mesenchyme of Gli1-CreERT2;Ror2fl/fl;Gli1-LacZ mice, indicating that Ror2-mediated 212 

non-canonical WNT signaling is critical for the maintenance of Gli1+ MSCs (Figures 6C-6G ). 213 

The reduction of MSCs was further confirmed by LRCs (Figure 6-figure supplement 1). Taken 214 

together, our data indicate that non-canonical WNT signaling mediated by Wnt5a and Ror2 is 215 

involved in the TAC feedback to MSCs in regulating tissue homeostasis.  216 
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Discussion 217 

The homeostatic maintenance of self-renewing tissue relies not only on the function of resident 218 

somatic stem and progenitor cells, but also on the interaction between these cell populations. In 219 

the present work, we studied the adult mouse incisor to uncover novel insights into the interaction 220 

between MSCs and TACs (Figure 7). Our data demonstrate that the IGF-WNT signaling cascade 221 

is crucial for MSC feedforward to TACs. In parallel, TACs feedback to MSCs via Wnt5a/Ror2-222 

mediated non-canonical WNT signaling. Distinct genetic programs within TACs and MSCs may 223 

determine their in vivo identities and facilitate this dynamic reciprocal interaction to maintain 224 

mesenchymal tissue homeostasis.  225 

Molecular signaling between stem cells and TACs 226 

The question of which genetic programs determine the identities of stem cells and their progeny 227 

remains open. Previous studies have addressed this issue in epithelial stem cells. Hsu and 228 

colleagues found that TAC-derived SHH is critical in the hair follicle epithelium for stem cell 229 

activation and proliferation19. Another recent study defined gene signatures specific to stem cells 230 

and TACs in the hair follicle using RNA sequencing and subsequent transcriptomic analysis6. 231 

Single-cell RNA sequencing and lineage-tracing studies have revealed that hair follicle TACs 232 

represent a heterogeneous population of progenitors with distinct molecular signatures, reflecting 233 

different local signals and intercellular interactions according to their spatial locations20. Hair 234 

follicle TACs appear to be lineage-biased, as different cells preferentially give rise to seven cell 235 

types. In the dental epithelium, Hippo pathway components Yap and Taz are expressed in TACs 236 

and prevent their premature differentiation; Yap/Taz activate mTOR signaling to promote TAC 237 

proliferation in response to integrin/FAK signaling21.  238 
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Despite this evolving understanding of epithelial stem cells and TACs, the distinct genetic 239 

signatures distinguishing MSCs from TACs are largely unknown. In our study, we identified genes 240 

that are differentially expressed in MSCs and TACs through RNA sequencing analysis. We found 241 

that several pathways related to cell proliferation, such as the mTOR signaling, were highly 242 

enriched in TACs22,23, consistent with their high proliferative activity. On the other hand, growth 243 

factor signaling pathways were enriched in MSCs, including IGF, which has been previously 244 

implicated in stem cell homeostasis14,15,24, suggesting that MSCs may secrete these factors to 245 

orchestrate their niche environment. Finally, these different signaling pathways may work together 246 

to build the identities of MSCs and TACs and facilitate the interaction between them to maintain 247 

tissue homeostasis. This model may serve as a stepping stone in our quest to gain a better 248 

understanding of MSCs and their interaction with neighboring cells in regulating tissue 249 

homeostasis. 250 

Stem cell-TAC interaction in tissue homeostasis and regeneration 251 

TACs are important progenitors that represent an intermediate step between MSCs and their 252 

differentiated progeny. Several recent findings have indicated that TACs are crucial to tissue 253 

regeneration. Specifically, TACs coordinate tissue production, govern stem cell behaviors, and 254 

instruct niche remodeling25,26,27. Recent studies also suggest that TACs may maintain homeostasis 255 

long-term in some cases, and thus may not actually be transient in nature28,29. These findings 256 

highlight several previously unrecognized functions of TACs, as well as the need to reevaluate 257 

their role in different biological states including homeostasis, regeneration, injury repair, and 258 

disease. 259 
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Recently, it has been suggested that some differentiated progeny of stem cells may serve as niche 260 

components and that interaction between stem cells and their progeny is critical for tissue 261 

homeostasis and regeneration. In the airway epithelium, stem/progenitor cells pass on a signal to 262 

their progeny that is necessary for daughter cell maintenance9. Moreover, some differentiated 263 

progeny of stem cells can also provide feedback to regulate their stem cell parents. In the intestine, 264 

terminally differentiated Paneth cells localized between crypt stem cells promote stem cell self-265 

renewal30. Megakaryocytes regulate hematopoietic stem cell maintenance by regulating 266 

quiescence31. The progeny of stem cells might also be able to replenish them to maintain tissue 267 

homeostasis. For example, differentiated airway epithelial progenitor cells have been shown to 268 

revert into stem cells in vivo after the airway stem cells are ablated32. However, these studies have 269 

investigated only epithelial tissues and there is a lack of information about whether mesenchymal 270 

cells may participate in similar processes. In this study, we found that TACs in the mesenchyme 271 

have a profound impact on MSCs in vivo and that MSCs in turn instruct TACs via feedforward 272 

signals, indicating the existence of common regulatory mechanisms in the MSC niche environment.  273 

Canonical and non-canonical WNT signaling work together to maintain MSCs and control 274 

TAC fate 275 

Non-canonical WNT pathways are not well understood compared to their canonical counterpart, 276 

and most findings center around their ability to disrupt canonical WNT/β-catenin signaling33. 277 

During molar tooth development, Wnt5a plays a key role in regulating growth, patterning and 278 

development18. Previous study has also shown that non-canonical WNT signaling is required to 279 

maintain adult stem cells, including hematopoietic stem cells34, and to mediate cell-cell 280 

interactions in some organs. Non-canonical WNT signaling might also regulate the interaction 281 

between MSCs and hematopoietic stem cells35. Wnt5a-Ror2 signaling between cells in the 282 

https://en.wikipedia.org/wiki/Hematopoietic_stem_cell
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osteoblast lineage and precursors of osteoclasts has been shown to enhance osteoclastogenesis and 283 

maintain homeostasis during adult bone remodeling36. Depending on the receptor context, Wnt5a 284 

can either activate or inhibit β-catenin signaling37,38. Cdc42-mediated non-canonical WNT 285 

signaling has been shown to regulate neural stem cell quiescence in homeostasis and after 286 

demyelination39. NFATc1 is involved in the balance of quiescence and proliferation in skin stem 287 

cells40,41, whereas NFATc4 regulates neural stem cells42.  288 

Here we report that Wnt5a acts through Ror2 to facilitate the feedback from TACs to MSCs in the 289 

incisor mesenchyme, indicating a role for non-canonical WNT signaling in MSCs. TACs also 290 

show strong canonical WNT signaling activity. The differential expression of WNT 291 

receptors/intracellular mediators in the adult incisor mesenchyme may determine whether 292 

canonical or non-canonical WNT signaling is activated, thereby affecting the crosstalk between 293 

TACs and MSCs that controls mesenchymal tissue homeostasis. These two signaling pathways 294 

work in concert to keep different cell types in proper balance and help MSCs and TACs coordinate 295 

the homeostatic demands of the mouse incisor. 296 

In conclusion, we have identified reciprocal interaction between MSCs and TACs using the adult 297 

mouse incisor as a model. Our findings illustrate how MSCs feedforward to TACs, and how in 298 

turn TACs produce crucial signals that sustain MSCs. Collectively, our results demonstrate that 299 

the maintenance of adult tissue homeostasis requires not only stem cells and progenitor cells such 300 

as TACs, but also reciprocal cell-cell interactions between them. It is reasonable to view the stem 301 

cell niche as a local ecosystem that helps to maintain proper stem cell activity by promoting 302 

crosstalk between stem cells and their progeny, which together preserve tissue homeostasis. 303 
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Materials and Methods 304 

Key resource table 305 

Reagent type 

(species) or 

resource 
Designation Source or 

reference Identifiers Additional 

information 

strain, strain 
background 

(M. musculus) 
Axin2-CreERT2 Jackson 

Laboratory 

Stock No. 018867 
RRID:IMSR_JAX:

018867 
 

strain, strain 
background 

(M. musculus) 
Dmp1-Cre Jackson 

Laboratory 

Stock No. 023047 
RRID:IMSR_JAX:

023047 
 

strain, strain 
background 

(M. musculus) 
Gli1-CreERT2 Jackson 

Laboratory 

Stock No. 007913 
RRID:IMSR_JAX:

007913 
 

strain, strain 
background 

(M. musculus) 
Gli1-LacZ Jackson 

Laboratory 

Stock No. 008211 
RRID:IMSR_JAX:

008211 
 

strain, strain 
background 

(M. musculus) 
Igf1rfl/fl Jackson 

Laboratory 

Stock No. 012251 
RRID:IMSR_JAX:

012251 
 

strain, strain 
background 

(M. musculus) 
Ror2flox/flox Jackson 

Laboratory 

Stock No. 018354 
RRID:IMSR_JAX:

018354 
 

strain, strain 
background 

(M. musculus) 
Rosa26<fs-tdTomato> Jackson 

Laboratory 

Stock No. 007905 
RRID:IMSR_JAX:

007905 
 

strain, strain 
background 

(M. musculus) 
Wnt5aflox/flox Jackson 

Laboratory 

Stock No. 026626 
RRID:IMSR_JAX:

026626 
 

strain, strain 
background 

(M. musculus) 
Wlsflox/flox Jackson 

Laboratory 

Stock No. 012888 
RRID:IMSR_JAX:

012888 
 

genetic 
reagent (M. 
musculus) 

anti-Axin2 probe Advanced Cell 
Diagnostics Cat# 400331  
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genetic 
reagent (M. 
musculus) 

anti-Fgf10 probe Advanced Cell 
Diagnostics Cat#446371  

genetic 
reagent (M. 
musculus) 

anti-Fzd2 probe Advanced Cell 
Diagnostics Cat#404881  

genetic 
reagent (M. 
musculus) 

anti-Fzd4 probe Advanced Cell 
Diagnostics Cat#404901  

genetic 
reagent (M. 
musculus) 

anti-Fzd6 probe Advanced Cell 
Diagnostics Cat#404921  

genetic 
reagent (M. 
musculus) 

anti-Igf1r probe Advanced Cell 
Diagnostics Cat#417561  

genetic 
reagent (M. 
musculus) 

anti-Igf2 probe Advanced Cell 
Diagnostics Cat#437671  

genetic 
reagent (M. 
musculus) 

anti-Igfbp3 probe Advanced Cell 
Diagnostics Cat#405941  

genetic 
reagent (M. 
musculus) 

anti-Lrp5 probe Advanced Cell 
Diagnostics Cat#315791  

genetic 
reagent (M. 
musculus) 

anti-Ror2 probe Advanced Cell 
Diagnostics Cat#430041  

genetic 
reagent (M. 
musculus) 

anti-Wnt1 probe Advanced Cell 
Diagnostics Cat#401091  

genetic 
reagent (M. 
musculus) 

anti-Wnt2 probe Advanced Cell 
Diagnostics Cat#313601  

genetic 
reagent (M. 
musculus) 

anti-Wnt2b probe Advanced Cell 
Diagnostics Cat#405031  
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genetic 
reagent (M. 
musculus) 

anti-Wnt3 probe Advanced Cell 
Diagnostics Cat#312241  

genetic 
reagent (M. 
musculus) 

anti-Wnt3a probe Advanced Cell 
Diagnostics Cat#405041  

genetic 
reagent (M. 
musculus) 

anti-Wnt4 probe Advanced Cell 
Diagnostics Cat#401101  

genetic 
reagent (M. 
musculus) 

anti-Wnt5a probe Advanced Cell 
Diagnostics Cat#316791  

genetic 
reagent (M. 
musculus) 

anti-Wnt5b probe Advanced Cell 
Diagnostics Cat#405051  

genetic 
reagent (M. 
musculus) 

anti-Wnt6 probe Advanced Cell 
Diagnostics Cat#401111  

genetic 
reagent (M. 
musculus) 

anti-Wnt7a probe Advanced Cell 
Diagnostics Cat#401121  

genetic 
reagent (M. 
musculus) 

anti-Wnt7b probe Advanced Cell 
Diagnostics Cat#401131  

genetic 
reagent (M. 
musculus) 

anti-Wnt8a probe Advanced Cell 
Diagnostics Cat#405061  

genetic 
reagent (M. 
musculus) 

anti-Wnt8b probe Advanced Cell 
Diagnostics Cat#405071  

genetic 
reagent (M. 
musculus) 

anti-Wnt9a probe Advanced Cell 
Diagnostics Cat#405081  

genetic 
reagent (M. 
musculus) 

anti-Wnt9b probe Advanced Cell 
Diagnostics Cat#405091  
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genetic 
reagent (M. 
musculus) 

anti-Wnt10a probe Advanced Cell 
Diagnostics Cat#401061  

genetic 
reagent (M. 
musculus) 

anti-Wnt10b probe Advanced Cell 
Diagnostics Cat#401071  

genetic 
reagent (M. 
musculus) 

anti-Wnt11 probe Advanced Cell 
Diagnostics Cat#405021  

genetic 
reagent (M. 
musculus) 

anti-Wnt16 probe Advanced Cell 
Diagnostics Cat#401081  

antibody anti-β-actin 
(Rabbit monoclonal) 

 Cell Signaling 
Technology 

Cat#4970S 
RRID:AB_22231

72 
(1:2000) 

antibody Anti-Amelx 
(Rabbit polyclonal) 

Abcam Cat# ab153915 (1:100) 

antibody anti-β-catenin 
(Rabbit monoclonal) 

Cell Signaling 
Technology 

 Cat#8814S 
RRID:AB_11127

203 

IF (1:100), 
WB (1:2000) 

antibody anti-β-gal 
(Chicken polyclonal) 

Abcam Cat#ab9361 
RRID:AB_30721

0 
(1:100) 

antibody anti-c-Myc  
(Rabbit monoclonal)  

Abcam 

 

Cat#ab32072 
RRID:AB_73165

8 
(1:100) 

antibody anti-Ki67  
(Rabbit monoclonal)  

Abcam 

 

Cat# ab16667; 
RRID:AB_30245

9 
(1:200) 

antibody 
anti-Wls  

(Chicken polyclonal) 

Abcam 

 

Cat#ab72385 
RRID:AB_12690

23 
(1:200) 
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antibody anti-Chicken  
(Goat polyclonal) 

Life 
Technologies 

Cat#A-11039 
RRID:AB_14292

4 
(1:200) 

antibody anti-Rabbit  
(Goat polyclonal)  

Life 
Technologies 

Cat#A-11011 
RRID:AB_14315

7 
(1:200) 

antibody anti-Chicken  
(Goat polyclonal)  

Life 
Technologies 

Cat#A-11041 
RRID:AB_25340

98 
(1:200) 

commercial 
assay or kit RNeasy Micro Kit QIAGEN Cat# 74004  

commercial 
assay or kit 

Click-iT™ EdU 
Cell Proliferation 

Kit 

Thermo Fisher 
Scientific Cat# C10337  

software, 
algorithm ImageJ NIH RRID:SCR_00307

0  

software, 
algorithm GraphPad Prism GraphPad 

Software 
RRID:SCR_00279

8  

Animals and Procedures  306 

Axin2-CreERT2, Dmp1-Cre, Gli1–CreERT2, Gli1–LacZ, Igf1rflox/flox, Ror2flox/flox, Rosa26<fs-tdTomato>, 307 

Wnt5aflox/flox and Wls flox/flox mouse strains were cross-bred as needed for this study. All mouse 308 

experiments were conducted in accordance with protocol 20299 approved by the Department of 309 

Animal Resources and the Institutional Animal Care and Use Committee of the University of 310 

Southern California.  311 

Mice were housed in pathogen-free conditions, identified via ear tags, and analyzed in a mixed 312 

background. Tail biopsies were lysed through incubation at 55°C overnight in DirectPCR tail 313 

solution (Viagen 102-T) followed by 30 minutes of heat inactivation at 85°C prior to PCR-based 314 

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiRsY7H6PHXAhVr04MKHWZaBI8QFggnMAA&url=https%3A%2F%2Fwww.thermofisher.com%2Forder%2Fcatalog%2Fproduct%2FA10044&usg=AOvVaw2z5452fkqvYHzAZoG1sRys
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiRsY7H6PHXAhVr04MKHWZaBI8QFggnMAA&url=https%3A%2F%2Fwww.thermofisher.com%2Forder%2Fcatalog%2Fproduct%2FA10044&usg=AOvVaw2z5452fkqvYHzAZoG1sRys
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genotyping (GoTaq Green MasterMix, Promega, and C1000 Touch Cycler, Bio-rad). Mice were 315 

euthanized by carbon dioxide overdose followed by cervical dislocation. All mice were used for 316 

analysis regardless of sex. 317 

For CreERT2 activation, tamoxifen (Sigma) was dissolved in corn oil (20 mg/ml) and injected 318 

intraperitoneally.  319 

Immunofluorescence and in situ hybridization (ISH) 320 

Mouse mandibles were dissected, fixed in 4% PFA overnight, and decalcified with 10% EDTA 321 

for four weeks. The tissues were next incubated with 15% sucrose for two hours and 30% sucrose 322 

overnight, then embedded in OCT. Frozen tissue blocks were sectioned at 10 mm on a cryostat 323 

(Leica) and mounted on SuperFrost Plus slides (Fisher). The tissue sections were blocked for one 324 

hour at room temperature in blocking solution (Vector Laboratories). Sections were then incubated 325 

with primary antibodies diluted in blocking solution at 4°C overnight. After three washes with 326 

PBS, sections were incubated with secondary antibodies in blocking solution at room temperature 327 

for one hour. DAPI was used to stain nuclei and all images were acquired using a Keyence 328 

microscope (Carl Zeiss). Non-immune immunoglobulins of the same isotype as the primary 329 

antibodies were used as negative controls.  330 

In situ hybridization (ISH) was performed using an RNAscope 2.5 HD Chromogenic Assay 331 

(Single-plex, Advanced Cell Diagnostics). Briefly, tissues were fixed in 4% PFA overnight at 332 

room temperature before cryosectioning into 10 μm sections, after which ISH was performed 333 

according to the manufacturer’s instructions.  334 

MicroCT analysis 335 
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MicroCT analysis was performed using a SCANCO μCT50 device at the University of Southern 336 

California Molecular Imaging Center. Images were acquired with the x-ray source at 70 kVp and 337 

114 μA. Images were generated at a resolution of 10 μm. Three-dimensional reconstruction was 338 

achieved using AVIZO 7.1 (Visualization Sciences Group). 339 

Laser capture microdissection (LCM) 340 

We euthanized one-month-old Axin2-CreERT2;Rosa26<fs-tdTomato> and Gli1-CreERT2;Rosa26<fs-341 

tdTomato> (n=3 per group) one day after the injection of tamoxifen. After quickly dissecting out the 342 

mandible and rinsing in PBS and OCT, the samples were transferred into a mold filled with pre-343 

cooled OCT and frozen using liquid nitrogen. Next, the samples were sectioned to 10 µm thickness 344 

and mounted on Polyethylenenaphthalate (PEN)-membrane slides (Zeiss). After UV treatment for 345 

30 minutes, we performed LCM of the Axin2+ and Gli1+ cells using the Zeiss PALM Laser 346 

Capture Microdissection System.  347 

RNA sequencing  348 

Incisor samples from LCM of one-month-old Axin2-CreERT2;Rosa26<fs-tdTomato> and Gli1-349 

CreERT2;Rosa26<fs-tdTomato> mice were collected for RNA isolation using an RNeasy Micro Kit 350 

(QIAGEN). The quality of RNA samples was determined using an Agilent 2100 Bioanalyzer and 351 

only those with RNA integrity (RIN) numbers > 7.0 were used for sequencing. cDNA library 352 

preparation and sequencing were performed at the Epigenome Center of the University of Southern 353 

California. Single-end reads with 75 cycles were performed on an Illumina Hiseq 4000 for three 354 

pairs of samples. Raw reads were trimmed, aligned with the mm10 genome using TopHat (version 355 

2.0.8), and normalized using RPKM. Differential expression was calculated by selecting 356 

transcripts with a significance level set to P < 0.05.  357 
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Immunoblotting 358 

For immunoblotting, mouse incisor mesenchyme was lysed in lysis buffer (50 mM Tris-HCl pH 359 

7.5, 150 mM NaCl, 2mM EDTA, 0.1% NP-40, 10% glycerol, and protease inhibitor cocktail). 360 

Proteins were quantified using Bio-Rad protein assay (Bio-Rad Laboratories), and 20-80 μg of 361 

protein was separated by SDS-PAGE and transferred to 0.45 μm PVDF membrane. Membranes 362 

were blocked in TBST and 5% BSA (blocking solution) for 1 h, followed by overnight incubation 363 

with active β-catenin antibody diluted at 1:2000 in blocking solution, and 1 h incubation with 364 

HRP-conjugated secondary antibody diluted at 1:2000. Immunoreactive protein was detected 365 

using ECL (GE Healthcare) and film. 366 

Label-retaining cell analysis 367 

Mice were given i.p. injections of EdU (150 mg/kg) daily for two weeks. Samples were collected 368 

one month after the last injection and processed for further analysis with the Click-iT™ EdU Cell 369 

Proliferation Kit based on the manufacturer’s protocol. 370 

Statistical analysis 371 

Prism 7 (GraphPad) was used for statistical analysis. All bar graphs display mean ± SD (standard 372 

deviation). Significance was assessed by independent two-tailed Student’s t tests or ANOVA. p < 373 

0.05 was considered statistically significant. 374 

ImageJ image analysis 375 

ImageJ was used to determine the percentage of immunostained area. Images of the TAC and MSC 376 

regions were first converted to 8-bit binary and evaluated for positive immunofluorescence signal 377 

using the ‘‘Analyze Particles’’ function. The derived area was then divided by the total area of 378 

TAC or MSC regions to calculate the percentage of positive immunostaining. 379 



24 
 

Data availability  380 

The GEO accession number for the RNA sequencing data reported in this paper is GSE109876.  381 
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Figure Legends 477 

Figure 1. In vivo anatomical and molecular identities of MSCs and TACs in the mouse incisor. 478 

(A-B) Ki67 staining (green), tdTomato visualization (red), and DAPI staining (blue) of incisors 479 

from one-month-old Axin2-CreERT2;Rosa26<fs-tdTomato> mice  one day after tamoxifen (TM) 480 

induction. (C-D) β-gal staining (green) and Ki67 immunofluorescence (red) of incisors from one-481 

month-old Gli1-LacZ mice. Box in (C) is shown enlarged in (D). (E) Schematic diagram of MSCs 482 

and TACs in the mouse incisor. Arrows indicate positive signal. Schematics at the bottom indicate 483 

induction protocols. The white dashed lines outline the cervical loop. Scale bars, 100μm. 484 

Figure 2. IGF ligand and binding proteins are highly enriched in MSCs. (A) Top eight 485 

signaling pathways enriched in TACs identified by Ingenuity Pathway Analysis. (B) IGF signaling 486 

molecules enriched in MSCs. (C-H) RNAscope (red) of Igfbp3 (C-D), Igf2 (E-F) and Igf1r (G-H) 487 

in incisors of one-month-old control mice. Boxes in (C, E, and G) shown magnified in (D, F, and 488 

H), respectively. Arrows indicate positive signal. The white dashed lines outline the cervical loop. 489 

Scale bars, 100 μm. 490 

Figure 3. Inactivation of IGF signaling leads to TAC loss in the incisor mesenchyme. (A-D) 491 

H&E staining and Ki67 immunofluorescence (red) of incisors from Igf1rfl/fl  (control) and Axin2-492 

CreERT2;Igf1rfl/fl mice. Black arrow in (A) indicates normal dentin and black arrow in (B) indicates 493 

thicker dentin. White arrow in (C) indicates a positive signal and asterisk in (D) indicates 494 

diminished signal. (E) Quantitation of the percentage of Ki67+ TACs from (C-D). (F-G) 495 

Immunostaining of Axin2 expression (red) in incisors from Igf1rfl/fl (control) and Axin2-496 

CreERT2;Igf1rfl/fl mice. White arrow in (F) indicates a positive signal and asterisk in (G) indicates 497 

absence of a signal. (H) Diagram depicts our model of the Igf2-WNT signaling cascade. 498 

Quantitative data are presented as mean± SD.  ****, p<0.0001. Schematics at the bottom indicate 499 
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induction protocols. The white dashed lines outline the cervical loop. Four mice with four sections 500 

within each mouse per group were used to quantify Ki67 + cells. Scale bars, 100 μm. 501 

Figure 3-Source data 1. Source data for Figure 3E. 502 

Figure 3-figure supplement 1. Effect of the incisor mesenchyme is primary in TAC loss in 503 

Axin2-CreERT2;Igf1rfl/fl incisors. (A-B) Ki67 immunostaining of Igf1rfl/fl and Axin2-504 

CreERT2;Igf1rfl/fl incisors one week after tamoxifen induction. (C-D) Quantitative analysis of 505 

Ki67+ TACs in the mesenchyme and epithelium of Igf1rfl/fl and Axin2-CreERT2;Igf1rfl/fl incisors 506 

one week after tamoxifen induction. (E-H) RNAscope staining of Dspp and immunostaining of 507 

Amelx in Igf1rfl/fl and Axin2-CreERT2;Igf1rfl/fl incisors one week after tamoxifen induction. 508 

Quantitative data are presented as mean± SD.  *, p<0.05. ns, no significance. Schematics at the 509 

bottom indicate induction protocols. White arrows in E and G indicate the position where 510 

odontoblasts start. The white dashed lines outline the cervical loop. Four mice per group, with four 511 

sections per mouse, were used to quantify Ki67 + cells. Scale bars, 100 μm. 512 

Figure 3-figure supplement 1-Source data 1. Source data for Figure 3-figure supplement 1C 513 

and 1D. 514 

Figure 3-figure supplement 2. Canonical WNT signaling is downregulated after loss of Igf1r 515 

in the TACs of the mouse incisor. (A-D) Immunostaining of c-Myc and active β-catenin in 516 

incisors from Igf1rfl/fl (control) and Axin2-CreERT2;Igf1rfl/fl mice. The white dashed lines outline 517 

the cervical loop. Arrows indicate positive signal and asterisks indicate diminished signal. 518 

Schematics at the bottom indicate induction protocols. Scale bars, 100 μm. (E) Western blot of 519 

active β-catenin in incisors from Igf1rfl/fl  and Axin2-CreERT2;Igf1rfl/fl mice. 520 
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Figure 3-figure supplement 3. Long-term phenotype of Axin2-CreERT2;Igf1rfl/fl incisors. (A-521 

F) H&E and RNAscope staining of Dspp (red) and Ki67 staining (red) of incisors from Igf1rfl/fl  522 

(control) and Axin2-CreERT2;Igf1rfl/fl mice five months after tamoxifen induction. Black arrow in 523 

A indicates normal dentin and black arrow in D indicates thicker dentin. White arrows in B and E 524 

indicate the position where odontoblasts start. White arrow in C indicates positive signal and 525 

asterisk in F indicates diminished signal. White dashed lines outline the cervical loop. Schematics 526 

at the bottom indicate induction protocols. Scale bars, 100 μm. 527 

Figure 4. Signaling enriched in MSCs and WNT ligand enriched in TACs. (A) Wnt10a and 528 

Wnt5a are enriched in TACs. (B-E) RNAscope (red) of Wnt10a and Wnt5a in incisors from one-529 

month-old control mice. (F) Top eight signaling pathways enriched in MSCs identified by 530 

Ingenuity Pathway Analysis. Boxes in (B and D) are shown magnified in (C and E), respectively. 531 

Arrows indicate positive signal. The white dashed lines outline the cervical loop. The yellow 532 

dashed line outlines the MSC region. Scale bars, 100μm.  533 

Figure 4-figure supplement 1. WNT ligand expression in adult incisors. (A-Q’) RNAscope 534 

(red) of Wnt3a (A-A’), Wnt4 (B-B’), Wnt1 (C-C’), Wnt2 (D-D’), Wnt2b (E-E’), Wnt3 (F-F’), 535 

Wnt5b (G-G’), Wnt6 (H-H’), Wnt7a (I-I’), Wnt7b (J-J’), Wnt8a (K-K’), Wnt8b (L-L’), Wnt9a 536 

(M-M’), Wnt9b (N-N’), Wnt10b (O-O’), Wnt11 (P-P’), and Wnt16 (Q-Q’) in incisors of one-537 

month-old control mice. Boxes in (A-Q) are shown magnified in (A’-Q’), respectively. Insets in 538 

(A and B) show magnified images of the epithelium. The white dashed lines outline the cervical 539 

loop. Arrows indicate positive signal and asterisks indicate absence of signal. Scale bars, 100 μm. 540 

Figure 4-figure supplement 2. Loss of WNT signaling in odontoblasts has no effect on MSCs 541 

or TACs. (A-D) H&E staining and Ki67 immunofluorescence (red) of incisors from two-month-542 

old Gli1-LacZ (control) and Dmp1-Cre;Wlsfl/fl;Gli1-LacZ mice (mutant). (E) Quantitation of the 543 
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percentage of Ki67+ cells per higher magnification section (C, D) of Gli1-LacZ and Dmp1-544 

Cre;Wlsfl/fl;Gli1-LacZ incisor mesenchyme. (F-I) β-gal staining (green) of incisors from two-545 

month-old Gli1-LacZ and Dmp1-Cre;Wlsfl/fl;Gli1-LacZ mice. (J) Quantitation of the percentage of 546 

Gli1+ cells per higher magnification section (H, I) of Gli1-LacZ and Dmp1-Cre; Wlsfl/fl;Gli1-LacZ 547 

incisor mesenchyme. Arrows indicate positive signal. The white dashed lines outline the cervical 548 

loop. All quantitative data are presented as mean± SD. ns, no significance. Four mice with four 549 

sections within each mouse per group were used to quantify Ki67+ cells. Gli1+ cells in the 550 

proximal region between the two cervical loops were counted in the mouse incisor. Scale bars, 100 551 

μm. 552 

Figure 4-figure supplement 2-Source data 1. Source data for Figure 4-figure supplement 2E 553 

and 2J. 554 

Figure 4-figure supplement 3. Loss of Wls in TACs results in diminished TACs and MSCs in 555 

the incisors of Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice. (A-B) Wls immunofluorescence (red) and 556 

DAPI staining (blue) of incisors from two-month-old Gli1-LacZ (control) and Axin2-557 

CreERT2;Wlsfl/fl;Gli1-LacZ mice. (C-D) MicroCT images of incisors from two-month-old Gli1-558 

LacZ and Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice induced with tamoxifen for one month. (E-H) 559 

Ki67 immunofluorescence (red) and RNAscope (red) of Fgf10 in incisors of two-month-old 560 

control and Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice. (I-L) β-gal staining (green) of incisors from 561 

two-month-old Gli1-LacZ and Axin2-CreERT2;Wlsfl/fl;Gli1-LacZ mice. The white dashed lines 562 

outline the cervical loop. Arrow indicates positive signal and asterisk indicates absence of signal. 563 

Schematics at the bottom indicate induction protocols. Scale bars for (E-F), 2mm; Scale bars for 564 

others, 100 μm. 565 
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Figure 4-figure supplement 4. WNT receptor expression in adult incisors. (A-H) RNAscope 566 

(red) of Lrp5 (A-B), Fzd2 (C-D), Fzd4 (E-F), and Fzd6 (G-H) in incisors of one-month-old control 567 

mice. Boxes in (A, C, E, and G) are shown magnified in (B, D, F, and H), respectively. Arrows 568 

indicate positive signal and asterisks indicate absence of signal. Scale bars, 100 μm. 569 

Figure 5. Loss of Wnt5a results in loss of Gli1+ MSCs. (A-B) Ki67 staining (red) of incisors 570 

from Gli1-LacZ (control) and Axin2-CreERT2;Wnt5afl/fl;Gli1-LacZ mice three weeks after 571 

tamoxifen induction. (C) Quantitation of the percentage of Ki67+ TACs from (A and B). (D-G) β-572 

gal staining (green) of incisors from one-month-old Gli1-LacZ and Axin2-CreERT2;Wnt5afl/fl;Gli1-573 

LacZ mice three weeks after tamoxifen induction. Boxes in (D and E) are shown magnified in (F 574 

and G), respectively. (H) Quantitation of the percentage of Gli1+ cells per higher magnification 575 

section (F, G) of Gli1-LacZ and Axin2-CreERT2;Wnt5afl/fl;Gli1-LacZ incisor mesenchyme. 576 

Schematics at the bottom indicate induction protocols. The white dashed lines outline the cervical 577 

loop. Arrows indicate positive signal and asterisks indicate diminished signal. All quantitative data 578 

are presented as mean± SD. ns, no significance. ****, p<0.0001. Four mice with four sections 579 

within each mouse per group were used to quantify Ki67+ cells. Gli1+ cells in the proximal region 580 

between the two cervical loops were counted in the mouse incisor. Scale bars, 100 μm. 581 

Figure 5-Source data 1. Source data for Figure 5C and 5H.  582 

Figure 5-figure supplement 1. Validation of Wnt5a knockout efficiency in Axin2-583 

CreERT2;Wnt5afl/fl incisors. (A-D) RNAscope (red) of Wnt5a in incisors from Wnt5afl/fl (control) 584 

and Axin2-CreERT2;Wnt5afl/fl incisors three days after tamoxifen induction. White arrow indicates 585 

positive signal and asterisk indicates diminished signal. Schematics at the bottom indicate 586 

induction protocols. Scale bars, 100 μm.  587 
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Figure 5-figure supplement 2. Loss of Wnt5a results in diminished EdU+ LRCs. (A-D) EdU 588 

staining of Wnt5afl/fl and Axin2-CreERT2;Wnt5afl/fl mouse incisors. (E) Quantification was 589 

performed by calculating the percentage of EdU+ cells per section under higher magnification (B, 590 

D) in Wnt5afl/fl and Axin2-CreERT2;Wnt5afl/fl mouse incisor mesenchyme. Schematics underneath 591 

figures indicate induction protocols. All quantitative data are presented as mean ± SD. ***, 592 

p<0.001. Scale bars, 100 μm. 593 

Figure 5-figure supplement 2-Source data 1. Source data for Figure 5-figure supplement 2E. 594 

Figure 5-figure supplement 3. Loss of Wnt5a results in thicker dentin and diminished TACs. 595 

(A-D) H&E and Ki67 staining (red) of incisors from one-month-old Wnt5afl/fl (control) and Axin2-596 

CreERT2;Wnt5afl/fl mice six weeks after tamoxifen induction. (E-H) H&E and Ki67 staining (red) 597 

of incisors from Wnt5afl/fl (control) and Axin2-CreERT2;Wnt5afl/fl mice five months after tamoxifen 598 

induction. Black arrows in A and E indicate normal dentin and black arrows in B and F indicates 599 

thicker dentin. White arrows in C and G indicate positive signal and asterisks in D and H indicate 600 

diminished signal. White dashed lines outline the cervical loop. Schematics at the bottom indicate 601 

induction protocols. Scale bars, 100 μm. 602 

Figure 6. Ror2-mediated non-canonical Wnt signaling regulates MSC maintenance in the 603 

incisor. (A-B) RNAscope (red) of Ror2 in incisors from Gli1-LacZ (control) and Gli1-604 

CreERT2;Ror2fl/fl;Gli1-LacZ one-month-old mice. Insets in A and B show magnified images of the 605 

MSC region. (C-F) β-gal staining (green) of incisors from Gli1-LacZ and Gli1-606 

CreERT2;Ror2fl/fl;Gli1-LacZ mice. Boxes in C and D are shown magnified in E and F, respectively. 607 

(G) Quantification of the percentage of Gli1+ cells per higher magnification section of Gli1-LacZ 608 

(control) and Gli1-CreERT2;Ror2fl/fl;Gli1-LacZ (mutant) mouse incisor mesenchyme in E and F. 609 

Gli1+ cells in the proximal region between the two cervical loops were counted in the mouse 610 
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incisor. Quantitative data are presented as mean± SD. ****, p<0.0001. Arrows indicate positive 611 

signal and asterisks indicate diminished signal. Schematics at the bottom indicate induction 612 

protocols. Scale bars, 100 μm.  613 

Figure 6-Source data 1. Source data for Figure 6G. 614 

Figure 6-figure supplement 1. Loss of Ror2 results in diminished EdU+ LRCs. (A-D) EdU 615 

staining of Ror2fl/fl and Gli1-CreERT2;Ror2fl/fl mouse incisors. (E) Quantification was performed 616 

by calculating the percentage of EdU+ cells per section of Ror2fl/fl and Gli1-CreERT2;Ror2fl/fl 617 

incisor mesenchyme under higher magnification (B, D). Schematics underneath figures indicate 618 

induction protocols. All quantitative data are presented as mean± SD. ****, p<0.0001. Scale bars, 619 

100 μm. 620 

Figure 6-figure supplement 1 Source data 1. Source data for Figure 6-figure supplement 1E. 621 

Figure 7. Schematic diagram of bi-directional interaction between TACs and MSCs. Igf2 622 

secreted from Gli1+ MSCs binds to Igf1r in the Axin2+ TACs, activating target gene expression 623 

and regulate TAC proliferation. Wnt5a serves as a non-canonical WNT ligand, feeding back to 624 

MSCs through Ror2 to activate downstream gene expression to regulate the maintenance of MSCs. 625 

Thus, MSCs and TACs dynamically interact with each other to maintain mesenchymal tissue 626 

homeostasis.   627 
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